Abstract: National fossil fuel CO 2 emissions are often available in gridded form. Previous gridded inventories of fossil fuel CO 2 emissions were made by using population statistics as proxies for their spatial distribution. Presumed in the use of such statistics is correlation between human population and their activities. That assumption is valid at national and state levels. The correlation, however, gets weaker beyond those spatial scales. A better approach was necessary for high-resolution emission mapping. We have proposed a two-step scheme to disaggregate national CO 2 emissions and developed fossil fuel CO 2 emission gridded inventory for 1980 -2007 [Oda and Maksyutov, 2010 . Power plant emissions were allocated to their location based on a published power plant database. Emissions from other sources were distributed using DMSP satellite-observed nightlight dataset. The resulting inventory showed good agreement with a US high-resolution inventory, however, it was constructed using a single radiance calibrated lights product from 1996-97, which until recently was only available product of its kind. Here, we developed a gridded emission inventory for the year 2006 using the 2006 radiance lights product which was recently processed by the National Geophysical Data Center (NGDC) of the National Oceanic and Atmosphere Administration (NOAA). The 2006 radiance lights did not have saturated pixels and is well correlated with population data over major emitting countries. Due to the improvements in the 2006 radiance lights, source 221 regions in suburb areas were well depicted and were much larger compared to the inventory constructed using the 1996-97 radiance calibrated lights data.
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Introduction
Spatial inventories of atmospheric emissions such as carbon dioxide (CO 2 ) are essential for atmospheric modeling. They are often available in gridded form and widely used in global and regional scale simulations using chemical transport models (CTMs). The US department of Energy Carbon Dioxide Information Analysis Center (CDIAC) maintains a continuous archive of global, regional and national fossil fuel CO 2 emission data [Marland et al., 2008] and provides annual 1• ×1• emission gridded data (1751-2006) [e.g. Andres et al., 1999] . The statistics of population distribution has been used to approximate spatial distribution of national fossil fuel CO 2 emissions, assuming high correlation between population with human activities (hence, CO 2 emissions) [e.g. Andres et al., 1999] . Population data can be used as a good proxy at spatial scales of country and state levels where the high correlation is retained.
Gridded fossil fuel CO 2 emission datasets, which were constructed using population distribution, have been used in many atmospheric CO 2 inversions as an input [e.g. Gurney et al., 2002] . Atmospheric CO 2 inversion is an established method to estimate regional CO 2 fluxes using atmospheric transport models and observations [e.g. Gurney et al., 2002] . Fossil fuel CO 2 emissions are treated as known quantities in many regional flux inversions and the potential bias associated with flux estimates would be increased if spatial pattern of emissions was reduced [Gurney et al. 2004] . More recent studies suggested the use of satellite-observed CO 2 data for flux inversions [e.g. Chevallier et al., 2007] . The Greenhouse gas Observing SATellite (GOSAT) [Yokota et al., 2009 ] was launched in 2009, and the GOSAT data product are now available. The space-borne CO 2 monitoring can fill the gaps in the existing surface observation network and thus permits analysis of regional sources and sinks on much higher spatiotemporal scales. To fully utilize the satellite-based CO 2 data, including those observed over polluted continental regions, for obtaining better inversion estimates, more spatiotemporally-detailed inventories are needed. The use of the conventional methods of disaggregating national emissions is valid at the country and state levels. However, the correlation between the population and human activities would become weak beyond those spatial scales (see Table 2 in Rayner et al. [2010] ). This is because intense CO 2 sources such as power generations and highways are usually not co-located with human residence, for instance. Therefore, the development of high-resolution gridded datasets of fossil fuel CO 2 emissions is a key requirement for the emerging satellite-based inversions.
Satellite-observations of nightlights have been identified as useful proxies for human activities and used for constructing CO 2 emission maps [e.g., Doll et al., 2000; Rayner et al., 2010; Oda and Maksyutov, 2010] . Nightlight data obtained by the DMSP-OLS satellite can be used to specify the locations of human activities such as cities, human settlements, gas flaring, and fishing boats [e.g. Elvidge et al., 1997] . The DMSP nightlight data are available at the increment of 30 arc second and provided through the web page of NOAA/NGDC (http://www.ngdc.noaa.gov/dmsp/download.html, last access: Aug 27, 2010). One known difficulty in using regular nightlight data for emission mapping is that the light detected over major cities are often too bright for the instrument and thus the details are lost in saturated pixels. Rayner et al. [2010] corrected those saturated pixels using population data based on a method described by Raupach et al. [2009] . We developed a high-resolution gridded inventory of global fossil fuel CO 2 emissions using radiance calibrated data [Elvidge et al., 1999] , which have less saturated pixels, together with a power plant database. The resulting gridded map was compared with several existing inventories using the US Vulcan emission map (10 km x 10 km resolution) as a reference, and was the closest to the reference data among the others at spatial scales which are useful to emerging satellite-based flux inversions [Oda and Maksyutov, 2010] . The new emission dataset, however, has several sources of errors and uncertainties. For example, 27-year data set was constructed using single nightlight dataset. Emission map for the year 2006 was based on 2006 emission estimates and 1996-97 nightlight data, as radiance calibrated data was only available for 1996-97.
In this paper, we re-constructed a gridded inventory for year 2006 using 2006 radiance lights product which was recently processed by NOAA/NGDC.
Method and data used in this study
In this section, the method we employed to construct a gridded inventory for the year 2006 is briefly described. Further details of the method are described in Oda and Maksyutov [2010] .
Estimation of national emissions
Numbers for total emissions for 65 countries and 6 geographical regions for the remaining countries and regions were taken from Oda and Maksyutov [2010] . National and regional emissions were estimated using the statistical review of world energy prepared by BP p.l.c. (http://www.bp.com/productlanding.do?categoryId=6929&contentId=7044622, last access: Aug 23, 2010). Total amount of consumed coal, oil and gas were converted into CO 2 emission by multiplying emission factors.
In addition to estimation of national and regional total emissions, national and regional total emissions attributable to power plants were estimated using a global power plant database CARMA (CARbon Monitoring and Action, http://carma.org/, last access: Aug 20, 2010). CARMA includes power plant attributes such as name, company, annual total CO 2 emission and locations. Total power plant emission for a country was calculated as a sum of power plant emissions attributable to a country. By subtracting the total power plant emission from a national total emission, emissions from other sources (non-point sources) can be approximated.
Disaggregation of national emissions
The different mapping methods were used to determine the spatial distribution of power plant emissions and emissions from other sources: 1) Power plant emissions were placed to exact locations using latitude and longitude CARMA indicates. 2) Emissions from other sources were distributed according to the spatial distribution of nightlights.
To distribute non-point emissions, we used 2006 radiance lights prepared by NOAA/NGDC. 2006 radiance lights is a merged product of the stable lights data and data obtained in fixed gain mode and has no saturated pixels. By including the stable lights, 2006 radiance lights can be used to depict the dimmer lighting which can not seen in previous radiance calibrated lights. National (or regional) total emissions from non-point sources were distributed to 30 arc second (1 km × 1 km) pixels according to the distribution of nightlights. The distribution was formed by superimposing the nightlight data and national boundary data, which were used to identify the national attributes of pixels. The national boundary data was prepared in 2.5 arc minute (approximately 5 km) (year 2000) by the Center for International Earth Science Information Network (CIESIN) at Columbia University, NY, USA (Gridded Population of the World version 3 (GPWv3), http://sedac.ciesin.columbia.edu/gpw/global.jsp, last access: Aug 23, 2010). Radiance light quantities across all pixels attributed to a nation (or a region) were summed, and the original quantity at each pixel was normalized by the national (or regional) sum. The CO 2 emission intensity at a pixel was obtained by multiplying the normalized radiance with the annual total non-point emission (national total emission minus total power plant emission) of a country or a region. Boundaries between land and ocean, river, and water bodies (e.g. coastline) were defined using IGBP land-cover classification data of the NASA TERRA/MODIS HDF-EOS MOD12Q1 V004 product (http://duckwater.bu.edu/lc/mod12q1.html, last access; Aug 27, 2010). As the same manner as Oda and Maksyutov [2010] , pixels attributable to gas flaring were removed. Emissions from gas flaring will be supplemented by exiting global gas flare estimates by NOAA/NGDC (http://www.ngdc.noaa.gov/dmsp/interest/gas_flares.html, last access Aug 20, 2010) and thus, gas flaring emissions could be distinguished from other mixed land emissions. Gas flaring pixles were identified using shapefiles of gas flaring provided by NOAA/NGDC.
Results

Correlation between radiance lights and population
Correlation between nightlights and population could be a measure for evaluating nightlights as a proxy for human activities (hence CO 2 emissions). Correlations between the 2006 radiance lights and population were calculated for 19 major emitting countries (United States, China, India, Russian Federation, Japan, Germany, Canada, United Kingdom, South Korea, Iran, Mexico, Italy, South Africa, Saudi Arabia, Indonesia, Australia, France and Spain) and Belgium (See Figure 1) . The 19 countries (excluding Belgium) are listed as top 20 emitting countries by CDIAC estimate for year 2007. National total emission estimate for Ukraine, which is the 20 th emitting country in CDIAC list, is not available in Oda and Maksyutov [2010] . As the same in the analysis by Raupach et al. (2009) , the analysis was performed by reducing the spatial resolution of data to 0.25 × 0.25 arc degree. Radiance values plotted in the figures were original numbers and conversion factor was not applied.
Among the twenty countries, overall population and nightlights are well correlated. Also, apparent decrease in correlation due saturated pixels, which are presented in Raupach et al. [2009] , cannot be seen. The correlation coefficient over Belgium (including Luxemburg in this study) was found to be fairly high (0.95). On the other hand, correlation is relatively low in China (0.27). Iran (0.14) and Saudi Arabia (-0.12), that can be explained by rural populations and the low resolution of the CIESIN population dataset for those countries. High correlations over many emitting countries suggested that major portion of global total emission was distributed based on fair assumption. 
Emission map for the year 2006
A global picture of CO 2 emissions is shown in Figure 2 . The figure was drawn using emission data reduced to 5 km × 5 km (2.5 arc min) resolution for the computational efficiency. As same as the map constructed by Oda and Makyutov [2010] , many lights can be found in the northern hemisphere especially over emitting countries and regions. On the other hands, massive source regions cannot be found in southern hemisphere. In Southern Hemisphere, lights can often be found along the coast. Compared to the map of Oda and Maksyutov [2010] , source regions are much larger and look bright. Those features are coming from the nature of the 2006 radiance lights. Since national total emissions are the same, the same national and regional emission estimates were used, the difference can be seen in figures are sorely attributable to the difference in nightlight data. The plots were drawn using original 1 km × 1 km resolution emission dataset. Therefore, the actual size of each pixel is 1 km × 1 km. Note that the maps are drain in slightly different scales.
In figure 3 , emission maps over East Asia are shown. Compared to the previous map (a), the new map shows emissions more widely distributed across the land surface (b). This is, as mentioned above, due to the inclusion of stable lights for the detection of dim lighting in the 2006 radiance lights product. Note that the lack of dim lighting in the 1996-97 radiance lights concentrates the allocated emissions into the primary urban centers, with no representation of the emissions that are more widely spread across the populated land surface. On the other hand, emissions might be overestimated over areas depicted by the dimmest lights in the new map. The nightlight product is an annual composite and the dimmest lights do not always represent steady state lighting. The application of the combination of the mapping method by Oda and Maksyutov [2010] and the 2006 radiance lights to such areas need to be evaluated.
Conclusions
We constructed an emission map for the year 2006 using 2006 radiance lights data. Correlations between population and 2006 radiance lights over major emitting countries are overall high. This suggests that large portion of global emission was distributed using fair proxy. Due to the inclusion of the stable lights in 2006 light data, emissions over suburb regions were well depicted. As a result, the source regions in new map are much larger than previous map. Here we note that emissions might be overestimated over areas depicted by the dimmest lights. The evaluation is necessary for the use of the 2006 radiance lights in the mapping method by Oda and Maksyutov [2010] over such areas.
As a future work, we will conduct global and regional evaluations using existing inventories. As radiance observation have been made since 1992, new radiance lights data after 1992 could be produced. When they become available, we will re-construct gridded emission inventories using the new dataset.
